We study the role played in leptogenesis by the equilibration of lepton flavors, as could be induced in supersymmetric models by off diagonal soft breaking masses for the scalar lepton doubletsm αβ , or more generically by new sources of lepton flavor violation. We show that ifm αβ > ∼ 1 GeV and leptogenesis occurs below ∼ 100 TeV, dynamical flavor effects are irrelevant and leptogenesis is correctly described by a one-flavor Boltzmann equation. We also discuss spectator effects in low scale leptogenesis by taking into account various chemical equilibrium conditions enforced by the reactions that are in thermal equilibrium. We write down the Boltzmann equation for low scale supersymmetric leptogenesis that includes flavor and spectator effects in the presence of lepton flavor equilibration, and we show how it reduces to a particularly simple form.
INTRODUCTION
Leptogenesis [1] is a theoretical mechanism that can explain the observed matter-antimatter asymmetry of the
Universe. An initial lepton asymmetry is generated in the out-of-equilibrium decays of heavy singlet Majorana neutrinos, and is then partially converted in a baryon asymmetry by anomalous sphaleron interactions [2] . Heavy Majorana singlet neutrinos are also a fundamental ingredient of the seesaw model [3] , that provides an elegant explanation of the suppression of neutrino masses with respect to all other Standard Model (SM) mass scales. Leptogenesis can be quantitatively successful without any fine-tuning of the seesaw parameters, and it is an intriguing 'coincidence' that a neutrino mass scale of the order of the atmospheric neutrino mass square difference is optimal for yielding the correct value of the baryon asymmetry. The possibility of giving an explanation of two apparently unrelated experimental facts (neutrino masses and the baryon asymmetry) within a single framework, makes the idea that baryogenesis occurred through leptogenesis very attractive.
The crucial role played by lepton flavor effects in leptogenesis was fully realized only a few years ago [4, 5, 6] (see [7, 8] for earlier studies of flavor effects in leptogenesis, and [9, 10] for recent reviews). Most extensions of the SM, and most noticeably among these, the Super- 1 In particular, this is likely to happen in soft leptogenesis [11, 12, 13] that is a natural mechanism for low scale leptogenesis. In contrast, We include in our analysis also the effects of spectator processes [14, 15] that should be taken into account for a correct estimate of the final baryon asymmetry.
LEPTON FLAVOR EQUILIBRATION
With Lepton Flavor Equilibration (LFE) we refer to the effect of reactions that would bring the different lepton doublets ℓ α (α = e, µ, τ ) into chemical equilibrium.
We will use as a general and most interesting example the SSM where, in the basis in which the charged lepton Yukawa couplings are diagonal, a source of LFV from soft supersymmetry breaking masses is generally present:
1 In this paper, we refer to "flavor effects" in the restricted sense of the dynamical effects that arise when the flavored CP asymmetries ǫα are not proportional to the respective branching fractions for N → ℓα decays. In the (fine tuned) case when an exact proportionality exists, the final baryon asymmetry is simply enhanced by a factor corresponding to the number of lepton flavors that are in thermal equilibrium [5] . This result holds independently of the particular flavor configuration, it is unrelated to flavor dynamics, and is a simple consequence of fermion family replication. Thus, we include this effect in the general class of effects that, like the typical spectator effects, are unrelated to the dynamics of lepton flavors and of lepton flavor number violation.
Herel α are the superpartners of the SU (2) lepton doublets. The terms in eq. (1) affect the flavor composition of the mass eigenstates, and as a result the ℓ αl
αG vertex for the sleptons gauge eigenstates (whereG =W a ,B represent a SU (2) or U (1) gaugino) involve a unitary rotation to the slepton mass eigenstates:
where h α > h β is the relevant charged lepton Yukawa coupling that determines at leading order the (thermal) mass splittings of the sleptons.
The term in eq. (1) can induce fast LFV reactions, namely gaugino mediated t-channel processes ℓ α P ↔ ℓ βP , ℓ αP ↔l β P , and s-channel processes ℓ αlβ ↔ PP , 
where 
Summing s-channel reactions and normalizing to the relativistic abundance of leptons we obtain the LFV rate
When this rate is faster than the Universe expansion Γ H ∼ 25 T 2 /M P (with M P the Planck mass), asymmetries eventually present in the different lepton doublets equilibrate, meaning that their chemical potentials (that here and in the following are denoted with the same symbol than the corresponding particle) become equal:
According to eq. (5), this occurs roughly for
TeV.
We see that even for moderate values of the off-diagonal soft breaking scalar masses, LFE is likely to be a generic feature in low scale supersymmetric leptogenesis.
EQUILIBRIUM CONDITIONS
To see what are the consequences of LFE on leptogenesis, we need to write the corresponding Boltzmann
Equations (BE) taking into account all the chemical equilibrium conditions imposed by reactions that, at the specific temperature considered, are faster than the Universe expansion. Here we will concentrate on the temperature range 1 TeV < ∼ T < ∼ 100 TeV, that is well above the electroweak phase transition, but low enough so that in the SSM, LFE equilibration is likely to occur. In principle there are as many chemical potentials as there are particles in the thermal bath. However, a first set of conditions that are generally realized in the temperature range we are interested in allows to drastically reduce this number:
1. Since we will work at scales much higher than M W , where total isospin I 3 , hypercharge (and color) must be zero, gauge fields have vanishing chemical potential W = B = g = 0 [16] . This also implies that all the particles belonging to the same
2 ) for weak isospin, and similarly for color.
Chemical potentials for the three gauginosW =
B =g are driven to zero once the supersymmetry breaking effects related to the Majorana soft gaugino masses m 1/2 attain chemical equilibrium [17] , that is when m 
Similarly to
4. Because of generation-mixing interactions, we take generation-independent quark potentials Q i = Q,
where P represents, for example, any one of the Because of the previous conditions, we are left with six independent chemical potentials: Q, u, d, ℓ, µ and φ.
They should satisfy the following additional conditions: Yukawa couplings equilibration:
Electroweak sphalerons equilibrium (QCD sphalerons equilibrium do not impose further constraints [15] ):
Hypercharge neutrality:
where, depending on the temperature range, e = µ or e = 0. These are five conditions, and therefore all the chemical potentials can be expressed in terms of just one, that we choose to be ℓ. The solution for e = µ reads:
with minor numerical changes in u, d, µ, φ when e = 0.
We can now use these equations to express ℓ in terms of the asymmetry in the B − L charge, that is the relevant quantity for writing the BE in our temperature regime since it is not violated by EW sphalerons. We denote the number density asymmetry for a particle p normalized to the entropy density s as Y ∆p = (n p − np)/s, and Y ∆p normalized to the equilibrium density Y eq p is denoted as y ∆p = Y ∆p /Y eq p . Let us also remember that, because of boson (B)/fermion (F) statistics, the relation between chemical potentials and particle density asymmetries reads y ∆B /y ∆F = 2µ B /µ F . Assuming that all effects of particle masses can be neglected [19] , and depending if the right-handed electron is or is not in chemical equilibrium, then we have: 
where ǫ α and B α are respectively the CP asymmetry and the branching fraction for the decay N → ℓ α +l α . In the last line we have used y ∆φ = 8 7 y ∆ℓ , y ∆φ = 4 7 y ∆ℓ and y ∆l = 2y ∆ℓ . Now in order to integrate eq. (16), one should express the asymmetry density y ∆ℓ that is weighting the strength of the washouts, in terms of the charge densities y ∆α . The important thing to notice at this point is that, regardless of the details of the resulting expression, as a consequence of LFE the washout weights do not carry any flavor index. We can thus readily sum up the three flavored equations and obtain
where ǫ = α ǫ α and eq. (14) 2. Purely Flavored Leptogenesis (PFL) models [22] , that are defined by the condition α ǫ α = 0, are unable to generate a baryon asymmetry in the presence of LFE since the source term in the BE eq. (17) vanishes. 4 In this respect, it is interesting to note that the same LFV soft masses responsible for LFE also generate lepton flavor violating CP asymmetries through interference of the tree level decay amplitude with the loop diagram depicted in fig. 1 .
The CP asymmetry in the decay of the N k seesaw neutrino into SM particles induced by this diagram reads: . From eq. (18) it is readily seen that α ǫ N k ℓαφu = 0. In the absence of LFE, this condition by itself would not impede to generate a lepton asymmetry [5, 22] and, rather interestingly, the decoupling of the CP asymmetries (enhanced as ∼ g 2 ) from the washouts (∝ λ 2 )
would have yielded a new mechanism for low scale leptogenesis and for avoiding the gravitino problem.
However, to obtain sufficiently large CP asymmetries one must requirem (17)) that takes into account electroweak sphalerons equilibrium as well as the effects of other spectator processes, is required.
